Pseudomonas aeruginosa exoenzyme S (ExoS) is an ADP-ribosyltransferase that modifies low-molecularweight GTPases. Here we studied the effect of Rab5 ADP-ribosylation by ExoS on its cellular function, i.e., regulation of early endocytic events. Coculture of CHO cells with P. aeruginosa induced a marked decrease in horseradish peroxidase (HRP) uptake compared to noninfected cells, while coculture with a P. aeruginosa mutant strain that fails to produce ExoS did not lead to any change in HRP uptake. Microinjection of recombinant ExoS into Xenopus oocytes induced strong inhibition of basal HRP uptake by oocytes. Moreover, coinjection of recombinant ExoS with Rab5 abolished the typical stimulation of HRP uptake obtained after GTPase microinjection. Cytosols prepared from injected oocytes were used in an endosome-endosome fusion assay. Cytosol from ExoS-microinjected oocytes was ineffective in promoting endosome-endosome fusion. However, in these conditions, the addition of Rab5 to the assay led to fusion recovery. Finally, we found that the interaction of Rab5 with EEA1 was markedly diminished after Rab5 ADP-ribosylation by ExoS.
Pseudomonas aeruginosa is an opportunistic gram-negative pathogen that can cause infections in patients with cystic fibrosis, neutropenia, or leukemia and in burn wound victims (5) . P. aeruginosa is able to infect and survive within the host as a result of a number of virulence determinants, including exoenzyme S (ExoS), which has been shown to increase tissue damage and bacterial dissemination (23) . ExoS is an extracellular ADP-ribosyltransferase whose secretion into target cells is achieved by a type III secretion pathway (28) . Once in the cytosol, ExoS enzymatic activity is stimulated by a critical eukaryotic factor identified as the 14-3-3 protein (11), leading to ADP-ribosylation of a number of target proteins, including Ras (22) . The fact that the14-3-3 protein has been shown to be part of a multiprotein complex translocated to the plasma membrane in the presence of Ras-GTP is probably related to Ras modification by ExoS. Indeed, it was recently shown that ExoS interacts with residues of 14-3-3 proteins located in the Raf-binding groove (21, 30) . Ras was shown to be ADP-ribosylated in vitro on several Arg residues (12) . More recently, it was demonstrated that modification of Arg 41 disrupts Ras signal transduction by inhibiting interactions between Ras and Cdc25, its guanine nucleotide exchange factor (13) . Arg 41 is adjacent to the switch I domain of Ras, a domain interacting with Ras effectors. The fact that Ras is modified at different sites by ExoS could partly explain the ADP-ribosylation of several other proteins of the Ras-GTPase superfamily (8) . Accordingly, we previously reported in vitro ADP-ribosylation of different members of the Rab protein subfamily (4) . Moreover, sequencing radiolabeled peptides obtained after trypsin hydrolysis of ADP-ribosylated Rab4 and separation by reverse-phase high-pressure liquid chromatography on a DEAE-C18 column had indicated more than one ADP-ribosylation site (J. d'Alayer, Pasteur Institute; M. Vidal, data not shown).
We demonstrated ADP-ribosylation of Rab4 by incubation of endocytic vesicles purified from reticulocytes with recombinant ExoS, indicating vesicular colocalization of 14-3-3 proteins, the obligate ExoS activator, and Rab GTPases. In agreement with this, the involvement of 14-3-3 proteins in vesicular transport has been suggested in different systems, such as clathrin-mediated endocytosis in Saccharomyces cerevisiae (14) , regulated exocytosis in chromaffin cells (25) , retrograde transport from the Golgi to the endoplasmic reticulum (10) . As noted for the Ras pathway, the localization of 14-3-3 proteins in the vicinity of GTPases may facilitate Rab modification by ExoS. Using streptolysin O-permeabilized reticulocytes, we demonstrated that ExoS slowed down recycling of internalized radiolabeled transferrin back to the plasma membrane (4). Since membrane recycling from the endocytic compartment is regulated by Rab4, this highly suggested that ADP-ribosylation of Rab4 by ExoS affects its functioning.
Rab proteins regulate vesicular traffic during discrete transport steps. Rab5, one of the most studied Rab proteins in recent years, is involved in early steps of the endocytic process. Development of endosome-endosome fusion assays allowed characterization of several other proteins involved in this Rab5-regulated docking and fusion step. Rabex-5 catalyzes the GDP-GTP exchange and is complexed with rabaptin-5, which could stabilize Rab5 in the GTP state. These proteins are recruited from the cytosol by Rab5 on the endosomal membrane (16) . Activated (i.e., GTP bound) Rab5 can then recruit early endosome antigen 1 (EEA1), another cytosolic protein, to early endosomes (6) . Vesicle binding of EEA1 may be stabilized by interaction with PIP 3 through its FYVE finger. Accordingly, two phosphatidylinositol-3-OH kinases were recently demonstrated to interact with the active form of Rab5 (7) . Rabaptin-5, EEA1, and phosphatidylinositol-3-OH kinase activity are required for endosome-endosome fusion (19, 26) . In the present report, we use three different approaches to show that ExoS affects endocytosis through Rab5 ADP-ribosylation: (i) cell coculture with bacterial mutants, (ii) oocyte microinjection, and (iii) in vitro fusion assay. We also found that Rab5 interaction with EEA1 was markedly diminished after GTPase ADP-ribosylation by ExoS.
MATERIALS AND METHODS
Expression and purification of recombinant proteins. The glutathione S-transferase (GST)-fused proteins used in this study, including 14-3-3 protein (generously provided by Andrey Shaw, Washington University, St. Louis, Mo.), Rab5WT, Rab5-Q79L, and Rab5-S34N-, were expressed and affinity purified with glutathione-Sepharose (3). His-ExoS was produced as described (17) in Escherichia coli BL21, using the construct kindly provided by Dara Frank, Medical College of Wisconsin, Milwaukee.
Bacterial strains and CHO cell coculture. P. aeruginosa 388 and 388⌬S, described previously (18) , were kindly provided by Dara Frank. Monolayers of CHO cells and CHO cells stably transfected with rab5WT (2) were grown in 35-mm dishes (ϳ5 ϫ 10 5 cells/dish). The level of Rab5 expression in transfected cells was about four to five times the expression level in wild-type CHO cells. Cells were cocultured with bacteria (multiplicity of infection, ϳ20:1) for 10 h and washed three times with serum-free alpha minimal essential medium (␣-MEM), and horseradish peroxidase (HRP) endocytosis was initiated by the addition of 1 ml of ␣-MEM containing 2 mg of HRP per ml and 0.2% (wt/vol) bovine serum albumin at 37°C for 30 min. HRP uptake was estimated as previously described (20) .
Xenopus oocyte microinjection and HRP uptake. Stage V-VI Xenopus oocytes were isolated by partial ovariectomy under tricaine anesthesia and then defolliculated by treatment with 1 mg/ml collagenase (type 1A; Sigma) in 0 mM Ca 2ϩ ND96 (below) for 1 h. From 6 h after defolliculation, oocytes were pressure injected with ϳ50 nl of His-ExoS (200 ng) and/or Rab5WT (100 ng). Oocytes were maintained at room temperature in ND96 solution (96 mM NaCl, 2 mM KCl, 1 mM MgCl 2 , 5 mM Na-HEPES, pH 7.5) containing 2 mM Ca 2ϩ and supplemented with penicillin (100 U/ml) and streptomycin (100 g/ml) for 8 to 12 h prior to analysis. HRP uptake by oocytes was then assayed as described (24) . For in vitro fusion assays, cytosols were prepared by centrifugation after lysis in HEPES buffer (0.25 M sucrose, 10 mM KCl, 0.5 mM EGTA, 20 mM HEPES, pH 7.4) of microinjected oocytes.
In vitro endosome-endosome fusion assay. Early endosomes prepared from J774 E-clone macrophages were loaded with anti-2,4-dinitrophenol (anti-DNP) mouse monoclonal antibody or DNP-␤-glucuronidase as described (9) . In vitro reconstitution of fusion was performed as described (9) using oocyte cytosol. In some experiments, in vitro-prenylated Rab5WT (2) was added to the assay.
ADP-ribosylation assay. ADP-ribosylation was carried out as previously described (4) using GST-Rab5 proteins (1 g), His-ExoS (100 ng), GST-14-3-3 (0.8 g), or oocyte cytosol (8 g of protein) and 2 Ci of [␣-
32 P]NAD (1,000 Ci/mmol) (Amersham). Biotinylation of NAD used for oocyte microinjection was carried out using 8-([N-biotinyl(6-aminohexyl)]amino)NAD (Sigma) and normal human serum-biotin (Pierce), and biotinylated NAD was purified on a C 18 column using an ammonium bicarbonate-methanol gradient as described (29) . Biotinylated Rab5 was detected by overlay using streptavidin-HRP (Amersham) and by Western blotting using 4F11 monoclonal anti-Rab5 antibody.
EEA1 binding assay to bead-immobilized Rab5. GST-Rab5 affinity chromatography was done as described (6) with cytosol prepared using rat brains. Briefly, recombinant GST-Rab5, GST-Rab5-Q79L, or GST-Rab5-S34N was immobilized on glutathione-Sepharose beads and loaded or not with the indicated nucleotides. Rat brain cytosol was then incubated for 4 h at room temperature with the beads in the absence or presence of His-ExoS. After several washes, beads were resuspended in Laemmli buffer, and proteins were separated by sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis (SDS-PAGE). Pulled-down EEA1 was analyzed by Western blot. Rab5 Western blots were also carried out on the same membrane to verify that equal amounts of immobilized Rab proteins were present in the bead pellets.
EEA1 association with endosomal vesicles. Endocytic vesicles were purified from rat reticulocytes (4) incubated with cytosol supplemented with NAD (2 mM) and ZnCl 2 (1 mM), with or without His-ExoS (800 ng) or wortmannin (500 nM), in a total volume of 300 l for 4 h at room temperature. The samples were analyzed in two ways. A rapid method consisted in pelleting the vesicles by Airfuge (Beckman) ultracentrifugation (30 min, 30 lb/in 2 ) and analyzing the presence of EEA1 in the vesicle pellets by SDS-PAGE and Western blot using mouse monoclonal anti-EEA1 (Transduction Laboratories) and peroxidase-conjugated donkey anti-mouse immunoglobulin G (Jackson ImmunoResearch Laboratories) using the ECL detection system (Amersham). This method was refined by layering the incubation samples on top of a 5 to 35% sucrose density gradient. Fractions (500 l) collected after centrifugation at 35,000 rpm for 1 h at 4°C in an SW50 Beckman rotor were acetone precipitated and analyzed for the presence of EEA1 by Western blotting. Quantification of Western blots was carried out using ImageQuant software (Molecular Dynamics).
RESULTS AND DISCUSSION
To study the involvement of ExoS in endocytosis, we first compared the fluid-phase uptake of HRP by cells infected with P. aeruginosa 388 parental strain or P. aeruginosa 388 ⌬S, a mutant strain that fails to produce ExoS (18) . As shown in Fig.  1 , coculture of CHO cells with P. aeruginosa 388 parental strain led to a marked decrease (about 50%) in HRP uptake compared to noninfected control cells (CTRL). In contrast, endocytosis of CHO cells cocultured with heat-killed P. aeruginosa 388 parental strain or with P. aeruginosa 388⌬S was only marginally affected, indicating that secretion of ExoS by live P. aeruginosa is related to the endocytosis inhibition. Note that similar results were obtained using CHO cells overexpressing Rab5WT, although the amount of HRP taken up was about twofold higher in transfected CHO cells. Since Rab5 is a key Rab GTPase for endocytosis regulation, we considered Rab5 a possible target candidate for the ExoS effect. To more closely study ExoS involvement in the inhibition of fluid-phase uptake, we conducted two assays to monitor Rab GTPase regulation of the endocytic process: Xenopus oocyte microinjection and in vitro endosome-endosome fusion.
ADP-ribosylation activity of the bacterial enzyme absolutely requires a eukaryotic cytosolic factor named FAS (factor-activating exoenzyme S) and characterized as 14-3-3 protein (11). We had previously shown in vitro ADP-ribosylation of Rab5 and CHO cells stably transfected with Rab5WT (Ⅺ) were cocultured or not (control, CTRL) with 388 parental (heat inactivated or not) and 388⌬S mutant P. aeruginosa strains as described in Materials and Methods, washed, and assayed for HRP uptake as described by Li and Stahl (24) . One of two independent experiments is shown. Each experiment was done in triplicate. Bars show standard deviation (SD). CTRL, cells cultured in absence of bacteria.
using recombinant Rab5WT and a cytosolic protein fraction enriched with FAS (4). Recombinant Rab5 was preloaded with either GTP-␥S or GDP before ExoS ADP-ribosylation to determine whether the nucleotide state of Rab5 has some influence on ADP-ribosylation efficiency. Rab5 was similarly ADPribosylated irrespective of the nucleotide bound to Rab5 (not shown), and this was confirmed using the two Rab5 mutants Rab5-Q79L and Rab5-S34N, mimicking the Rab5 GTP-and GDP-bound states, respectively. As noted in Fig. 2A , both mutants were ADP-ribosylated in vitro. However, it seems that the Rab5:Q79L mutant (GTP-bound form) was more efficiently ADP-ribosylated than the Rab5:S34N mutant (GDPbound form). Further work will be necessary to confirm this observation, since these two mutants represent two different nucleotide status. It is possible that those mutants show a distinctive three-dimensional conformation, where the potential site for ADP-ribosylation is more accessible for Rab5-Q79L than for the Rab5-S34N mutant. The 14-3-3 protein is involved in multiple functions in many cell types, including Xenopus oocytes. To determine whether the Xenopus homologue of 14-3-3 functions as a cofactor for ExoS, oocyte cytosol was used as a source of FAS in the in vitro ADPribosylation assay. GST-Rab5 was ADP-ribosylated, although less efficiently, when oocyte cytosol was added to the assay instead of recombinant 14-3-3 (Fig. 2B) . However, the GTPase was virtually not modified when ExoS was heat inactivated prior to addition.
The Xenopus oocyte is an excellent model system to study Rab GTPase regulation of HRP endocytosis. Microinjection of recombinant Rab5WT and mutant Rab5-Q79L has been shown to increase HRP uptake, and conversely, injection of mutant Rab5-S34N decreased HRP uptake compared to Rab5WT (24) . The oocyte system was thus used to assess the effect of Rab5 ADP-ribosylation by ExoS on the endocytic pathway. We first verified Rab5 ADP-ribosylation in oocytes by coinjecting GST-Rab5, ExoS, and biotinylated NAD. Rab5 was then purified from the oocyte homogenate using the GST moiety, and ADP-ribosylation was revealed after SDS-PAGE separation and transfer on membranes using streptavidin-HRP (Fig. 2C) .
Once we established that the oocytes have a 14-3-3-like activity, we decided to investigate the effect of microinjection of ExoS on the endocytosis of HRP. Recombinant ExoS (active or heat inactivated) and Rab5WT were thus microinjected in Xenopus oocytes, and HRP uptake by oocytes was assayed. As shown in Fig. 3A , ExoS strongly decreased basal HRP uptake in control oocytes, but had no effect when first heat inactivated. As previously demonstrated, HRP uptake was highly stimulated by Rab5WT injection, whereas HRP uptake was not increased when ExoS was coinjected with Rab5WT, reaching a level near that obtained with ExoS injected alone. This suggests, in agreement with the results presented in Fig. 2C , that coinjected Rab5 is efficiently modified by ExoS in oocytes. This also supports data of CHO cell infection by P. aeruginosa, where overexpression of Rab5 did not affect proportionally the effect of ExoS on HRP uptake (Fig. 1) .
The vesicle fusion process has been reconstituted in vitro and shown to require ATP and cytosol (9) . Cytosols prepared from oocytes injected as above were then tested in an endosome-endosome fusion assay. The results obtained were in agreement with the results of HRP uptake experiments using injected oocytes. Cytosol from buffer-microinjected oocytes was able to promote endosome-endosome fusion (set at 100%). In contrast, cytosol from oocytes injected with ExoS was not effective (38.2 Ϯ 14.5%, n ϭ 3), whereas cytosol from oocytes injected with heat-inactivated ExoS exhibited the typical fusion activity (96.3 Ϯ 11.8%, n ϭ 3). Cytosol injected with Rab5 stimulated fusion (157.3 Ϯ 16.8%, n ϭ 3), which was abolished when ExoS was coinjected with Rab5 (55.4 Ϯ 10.2%, n ϭ 3). Interestingly, the inhibition of endosome-endosome fusion by cytosol from oocytes injected with ExoS could be reversed by adding increasing concentrations of Rab5WT to the assay (Fig. 3B) . When Rab5 was heat inactivated before addition to the assay, no fusion recovery could be obtained. This is consistent with the hypothesis that ExoS inhibition of endocytosis of HRP and endosome fusion occurred through modification of Rab5 function.
To further investigate the effect of Rab5 ADP-ribosylation by ExoS, we studied the effect of Rab5 modification on the interaction with a downstream effector, EEA1 (6). EEA1 from rat brain cytosol bound to GST-Rab5WT immobilized on glutathione-Sepharose beads (not shown). This assay was used to study ExoS effect on Rab5-EEA1 interaction. Note that in this case, 14-3-3 protein contained in cytosol was sufficient to activate ExoS as previously observed (4) . Interaction of EEA1 with Rab5 was observed with the GTP-locked GTPase by preloading GST-Rab5WT with GTP-␥S (not shown) or by using the GTPase-defective mutant GST-Rab5-Q79L (Fig. 4) . In contrast, no binding was observed when Rab5 was loaded with GDP (not shown) or when GST-Rab5-S34N was used (Fig. 4) . The addition of ExoS during cytosol incubation with immobilized Rab5 led to a marked decrease in the amount of EEA1 pelleted by Rab5-Q79L-Sepharose (Fig. 4) . Once established that the ADP-ribosylation of Rab5 inhibited its interaction with EEA1, we decided to investigate the binding of EEA1 to endocytic vesicles (EVs). EVs from rat reticulocytes which contain Rab5 (27) were used to study EEA1 binding to early endosomes under different conditions. Purified EVs preincubated with cytosol in the absence or presence of ExoS or wortmannin were pelleted and analyzed for the presence of EEA1 by immunoblotting (Fig. 5A) . Incubation in the presence of ExoS markedly decreased the amount of EEA1 copelleting with EVs (45 versus 100%), while the The incubation mixtures were loaded on a sucrose gradient (5 to 35%), and collected fractions were analyzed for EEA1 by immunoblotting as described in Materials and Methods. Cytosol alone was loaded as a control for vesicle-unbound EEA1 migration in the sucrose gradient. effect of wortmannin was less pronounced (69%). No EEA1 was found associated with purified EVs when the vesicles were not preincubated with cytosol (not shown). To confirm these data, sucrose gradient analysis was performed. As shown in Fig. 5B , when cytosol alone was loaded on the sucrose density gradient, no EEA1 was recovered in the bottom fraction, while incubation of the cytosol with purified EVs induced a partial pelleting of EEA1 with the vesicles. Quantification of the blots indicated that 8% of the total signal was present in the four bottom fractions for the cytosol loaded alone on the gradient, while the signal in the same four bottom fractions represented 38% of the total signal when EVs were incubated with cytosol (control). The presence of ExoS during incubation of purified EVs with cytosol decreased EEA1 binding to the vesicles (compare the bottom fraction of the control and ExoS lanes). Note that incubation of cytosol with EVs in the presence of wortmannin gave a similar extent of EEA1 copelleting with vesicles. Blot quantification indicated that 18 and 21% of EEA1 was detected in the four bottom fractions for ExoS and wortmannin, respectively.
ExoS of P. aeruginosa is a bifunctional cytotoxin. The Nterminal part of ExoS was demonstrated to be a GTPaseactivating protein for Rho GTPases (15) , inducing disruption of actin microfilaments. ADP-ribosylation activity located at the C terminus of ExoS is not an absolute requirement for this effect, although the presence of this domain strongly enhances both cytotoxicity and resistance to phagocytosis. ADP-ribosylation of Ras was shown to inhibit nucleotide exchange by disrupting Ras-Cdc25 interactions (13) . ExoS could thus inhibit phagocytosis by affecting both the cytoskeleton-based engulfment process and phagosome maturation. Indeed, from the results presented in this report, we propose that the ExoS protein is also able to block Rab5 function, which is known to be involved in phagosome maturation (1) . More generally, vesicular transport in general may be affected by ADP-ribosylation of different Rab proteins, as we previously suggested in the case of Rab4 (4). Our data indicate that the impairment of Rab5 function is due directly to ExoS modification of the Rab5 protein. The exact mechanism by which ExoS is able to affect the interaction of Rab5 and EEA1 protein is presently unclear. It is conceivable that the decrease in the Rab5-EEA1 interaction is due to steric hindrance caused by ADP-ribosylation of Rab5 itself, although further investigations will be required to determine the mechanisms involved. However, our results show for the first time that Rab5-EEA1 interactions are specifically inhibited by ExoS, which correlates with the observed ADP-ribosylation of the Rab5 protein in vivo. It is now clear that ExoS is not only able to modify Rab5 but also capable of affecting Rab5 function, as shown in this work in vitro by endosome-endosome fusion assay and in vivo by oocyte microinjection. Taken together, our results show that Rab5, like Ras, could be an in vivo target for ExoS of P. aeruginosa and that ExoS is able to inhibit Rab5 function, although it cannot be excluded that other factors involved in the fusion process might be ADP-ribosylated.
